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Abstract: In the field of biomedicine, there are optical systems that provide the tissue
metabolic rate of oxygen consumption (tMRO,) by the simultaneous measurement of blood
flow and oxygenation level. However, current optical systems are costly and require complex
optical alignments, which are inconvenient for clinical applications. Therefore, in this study,
we developed a simple diffuse optical metabolic spectroscopy system by combining a
broadband light source and a laser and by sharing a spectrometer as a detector for both diffuse
optical spectroscopy and diffuse speckle contrast analysis. This system simultaneously
measures blood flow, volume, and oxygenation in a simple and cost-effective manner. The
system response to flow is demonstrated through the flow phantom experiments. The results
of the experiments show that flow response is in the range 0~0.9 ml/min, with a resolution
better than 0.1 ml/min. During the blood phantom study, the blood volume fraction increased
linearly with blood accumulation. Further, the change in oxygenation was monitored with the
modulation of the oxygen level in the gas supply. Finally, tMRO, changes were measured
during ischemia, induced by the upper arm cuff and the results showed a decrease and a
recovery of tMRO, with cuff inflation and deflation, respectively. This simple diffuse optical
metabolic spectroscopic system can easily be applied in medical environments by providing a
simple and convenient solution for measuring tMRO,.

© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Over the last few decades, the diffuse optical techniques have been widely adopted in the
biomedical field and demonstrates significant impact on the diagnosis of the stroke [1], cancer
[2-5], and erectile dysfunction [6]. The basic function of diffuse optical systems is to either
provide a blood flow information by monitoring speckle pattern alternations using coherent
light [7] or provide blood volume and oxygenation level by measuring the attenuation of light
intensity passing through the tissue at multi-wavelengths [8]. The main output of diffuse
optical systems involves the relative changes in tissue metabolic rate [8,9]. However, a single
diffuse optical system cannot estimate the accurate metabolic rate of tissue because the
individual measurement of blood flow, oxygenation, and volume are not enough to access the
metabolic rate due to complementary responses to each other [10-12]. Therefore, to estimate
tissue metabolic rate, the simultaneous measurement of blood flow, volume, and oxygenation
level has to be performed at once.

Recently, The advanced diffuse optical system that simultaneously records the speckle
pattern alternations and lights attenuations at multi-wavelength by tissue, such as DW-LSCI
[13,14], DCS-NIRS [15], DSCA-NIRS [16], LSI-SFDI [17], and PPG-LSCI [18] (DW-LSCT:
dual-wavelength laser speckle contrast imaging, DCS: diffuse correlation spectroscopy,
NIRS: near-infrared spectroscopy, DSCA: diffuse speckle contrast analysis, LSI: laser
speckle imaging, SFDI: spatial frequency domain imaging, PPG: photo-plethysmography and
LSCI: Laser speckle contrast imaging) have been developed to concurrently measure the
blood flow and the oxygenation.
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However, current combined diffuse optical systems are costly and require complex light
alignments with precisely fixed optical components, which are difficult to apply in the clinical
studies. Therefore, in this study, we proposed a development of diffuse optical metabolic
spectroscopy based on diffuse optical spectroscopy (DOS) and DSCA combined system to
calculate tissue metabolic rate of oxygen consumption (tMRO,) by the simultaneous
measurement of the blood flow, blood volume, and the oxygenation level in simple and cost-
effective manner.

2. Material and methods
2.1 Diffuse optical spectroscopy

The DOS system has been applied to measure the biological chromophores of tissue [19,20]
by fitting the measured spectrum to analytical photon diffusion model in a turbid media. The
analytical model that was derived by Farrell’s study delineates the diffuse reflected light from
the illuminated position to detected position, depending on absorption and scattering
coefficients of a media [21]. (Eq. (1)
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where w,, ts', togr = [3 pa (a + 1 ’)]”? and p represent absorption coefficients, reduced

scattering coefficients, effective attenuation coefficients, and source-detector separation
distance, respectively. In theory, the extrapolated boundary condition is z, = 24D, where A is
internal reflection related parameter (in this study, A is equal to 1 same as Nachabé’s study
[5,19]), and D = [3 (u, + u,))]™" is diffusion coefficients. A point source is located at z = (1,
+ ;") below the surface while the imaginary source is located at z, + 2z, on the top of the
surface. Therefore, the photon pathlength from a point source (zy) and imaginary source (z, +
2z,) can be expressed by r; = (z,” + p?)"? and ¥ = [(zp + 2z0)° + p?]"?, respectively.

The Eq. (2) and Eq. (3) describe the light absorption and the scattering of tissue. The
absorption coefficients of tissue are expressed as a combination of blood volume fraction (v),
oxygenation (StO,), oxyhemoglobin and deoxyhemoglobin extinction coefficients (&, and
E4eoxy), Which are strongest absorbers in the tissue in a visible range [19,22].

B (3)= CO)x % (StO,2,, () +(1-St0, )€ 10, (1) 2)

Where, 4 and C are wavelength and correction factor, respectively, which compensates
the inhomogeneous distribution of hemoglobin due to blood vessels [23]. (Eq. (2)

The reduced scattering coefficients of tissue are expressed as the double power function,
including Mie and Rayleigh scattering [5,19,20,22].
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Where, a, b, Ay and y, are scattering amplitude, Mie slope, normalized wavelength (4, =
500 nm) and Mie scattering fraction to total scattering, respectively.

2.2 Diffuse speckle contrast analysis

DSCA is an alternative method to DCS which allows the relative blood flow measurement
from deep tissue in a cost-effective manner. DSCA monitor the relative blood flow based on
the calculation of 1/K,” which is linearly proportional to flow [24,25]. (Eq. (4)
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where, K,, o, and < [ > are temporal speckle contrast, standard deviation and mean intensity,
respectively.

2.3 Tissue metabolic rate of oxygen consumption

The changes in the tissue metabolic rate of oxygen consumption were calculated by following
Hoge’s method, which is an expression of tMRO, changes related to the blood flow and the
tissue oxygenation changes [17,18,26].

1+ 1tMRO, = (1 +rBF)(11_SS:82((:)))] (5)

where rtMRO, and rBF represent a relative change of tMRO, and blood flow (I/K,Z) while
StO,(0) and StO,(t) are oxygen saturation at the initial time and the transition time,
respectively.

2.4 DOS-DSCA combined system

The diffuse optical metabolic spectroscopy system consists of a tungsten halogen lamp (HL-
2000-HP, Ocean Optics, USA), a near-infrared laser for 852 nm (DL852-100-SO,
CrystalLaser Technology, USA) and a spectrometer (USB4000, Ocean Optics, USA), which
covers the spectral range from 470 nm to 1,140 nm.

To deliver and collect the light, a simple probe was fabricated using three multimode fiber
bundles. Two fibers with a core diameter of 400 um (FT400EMT, 0.39NA, Thorlabs, USA)
and 50 um (FGO50LGA, 0.22NA, Thorlabs, USA), are connected to the tungsten halogen
lamp and near-infrared laser, respectively. In addition, one fiber with a core diameter of 200
um (FT200EMT, 0.39NA, Thorlabs, USA) is connected to the spectrometer. Figure 1 shows
schematic drawing of the fabricated probe. The center to center distance between the source
and detector fiber is 3.15 mm.

Tungsten- .
! halogen lamp

Plashicmold 1 FrEETSoRT
Diameter : 3.15 mm
Height : 5 mm

Center to center : 3.15 mm

Fig. 1. DOS and DSCA combined system.
2.5 Data acquisition and processing

The spectrometer scans at the rate of one hundred spectra per second with 5 msec integration
time for each spectrum. When the spectrometer scans the spectrum, the measurement probe
and area were covered by black fabric to prevent interference with ambient light, and dark
signals on the measured spectrum were minimized by electrical dark correction function
provided by Ocean Optics. Followed by the scanning process, our signal processing divides
into two parts enabling //K; calculation and spectrum fitting for the calculation of blood
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volume fraction and oxygenation. The first part, for the 1/K/ calculation, the intensity at 852
nm is extracted from each spectrum and recorded. 1/K,” value was then calculated from 100
temporal laser intensity fluctuations, which provides a sampling rate of 1Hz for blood flow
measurement.

The second part is the whole spectrum recording and fitting to the analytical diffuse
reflectance model. (Eq. (1)) Due to low spectrum intensity from the broadband light source,
we used accumulated spectrum from one hundred raw spectra to calculate the diffuse
reflectance (DR) (Eq. (6). Furthermore, the non-linear least square fitting (Isqcurvefit, Matlab,
MathWorks, USA) is applied to fitting the DR to Eq. (1) with a spectral range from 530 nm to
700 nm to estimate the blood volume fraction and oxygenation level.

I50)
Ix(2)
where DR, I and Iy are diffuse reflectance, reflected intensity from the sample, and reflected

intensity from reference, respectively. The reference spectrum was measured on a 99%
reflection plate (SRT-99-050, Labsphere, USA).

2.6 Experiments

DR(%) = (6)

2.6.1 Flow phantom experiments

The flow phantom experiments were designed to study the system response to changes in the
flow rate. The flow phantom was fabricated in the shape of a cylinder (diameter: 5.5 cm and
height: 3.5cm). (Fig. 2) It consists of polydimethylsiloxane (PDMS, SYLARDTM 184
Silicon Elastomer Kit, Dow Corning, USA), India ink (0.16g/L) and titanium dioxide powder
(0.64g/L) with a reference of Ayers et al.'s method [27], and the absorption and the reduced
scattering coefficient values are estimated to be 0.013/mm and 0.87/mm at 650nm,
respectively. Before the mixture became solidified, a transparent tube (inner diameter: 3mm
and outer diameter: 7mm) filled with 2.5mm diameter plastic beads which make dynamic
flow was inserted Smm below the surface [16,24,25].

35mm
T

-

3mm

S5mm

- +— 55mm

Fig. 2. A schematic drawing of flow phantom. The outer and inner tube diameter are 7 mm and
3 mm, respectively and the tube was placed 5 mm below from the surface.

During the experiments, the probe was placed in the middle of silicon phantom surface.
Further, 1% diluted intralipid solution (g, = 1.7/mm at 850nm [28]) flowed through a tube
inserted into silicon flow phantom. The flow rate was gradually increased from 0 ml/min to
0.9 ml/min by a syringe pump with an increment of 0.1 ml/min. At each flow rate, sixty
points of 1/K;” were calculated by using 6,000 temporal speckle fluctuations which recorded
in one minute.

2.6.2 Blood phantom experiments

The blood phantom experiment was conducted to validate the capability of DOS to estimate
the blood volume fraction and the oxygenation change. For the experiment, a 500ml
cylindrical glass container (diameter: 9cm, height: 10cm) was filled with 20% intralipid
solution (40 ml) and saline (260 ml). The optical probe was submerged in the middle of the
solution. To monitor changes in the blood volume fraction, the bovine blood was added to the
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mixed solution in 0.5 ml increments until accumulated blood volume reached 3 ml. During
the experiments, to prevent the exchange of oxyhemoglobin and deoxyhemoglobin, the air
condition was maintained by supplying 79% nitrogen and 21% oxygen mixed gas with a flow
rate of 1000 sccm.

Following the monitoring of blood volume fraction changes, the supply ratio of oxygen
and nitrogen gas was controlled in three phases by a gas mixer to change the blood
oxygenation. In the first phase: 79% nitrogen and 21% oxygen mixed gas supplied for 10
min, in the second phase: only 100% nitrogen supplied for 90 min, and in the third phase:
only 100% oxygen supplied for 30 min. During the blood phantom experiment, the magnetic
stirrer was used to maintain homogeneity of the mixed solution.

2.6.3 Arm occlusion experiments

To validate the tMRO, monitoring, the arm occlusion experiments were carried out. The arm
occlusion protocol was approved by the Gwangju Institute of Science and Technology’s
Institutional Review Board (IRB 20140319-HR-10-01-02). A total of 4 healthy males (25~28
years old) were recruited in this experiment. The protocol includes 60 seconds pre-occlusion
for baseline measurement, 100 seconds occlusion by cuff inflation at the pressure of 240
mmHg placed on the upper arm, and 140 seconds post-occlusion to recover from occlusion.
During the experiments, the blood flow, volume, and oxygenation were simultaneously
measured on the palm (adductor pollicis muscle) of each subject.

3. Results

The average and standard deviation of 1/K;’ changes during the flow phantom experiments
are shown in Fig. 3(a). The results show an increase in 1/K;’ from 615 to 9,314 corresponding
to the flow rate, which increased from 0 ml/min to 0.9 ml/min. In addition, the results from
the linear regression gave us the R-square value of approximately 0.95, which proves that
1/K/ is highly linearly proportional to the increase of flow rate.
(a) . M) 1.0-
100004 Y~ 11069*x+665
| R-square : 0.95
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Fig. 3. (a) the changes of 1/K/ during the flow phantom experiments. The dot and error bar
represent the average and the standard deviation of sixty points of 1/K;’, respectively. (b) the
increase of blood volume fraction (v) during the blood phantom experiments. The column and
error bar represents the average and the standard deviation of sixty points of v. The red line is
the result of linear regression.

Figure 3(b) shows blood volume fraction changes during the blood phantom experiments.
The blood volume fraction increased with the accumulation of blood in the mixed solution.
Prior to the addition of bovine blood, the blood volume fraction was 0.02. However, it is
further increased approximately by 0.14 when we added 0.5 ml of blood to the solution.
Finally, it reached 0.92 when the level of blood accumulated in the solution was 3 ml. The

linear regression indicates linearity of blood volume fraction increase to the accumulation of
blood.
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The blood volume fraction and oxygenation changes during the gas modulation are shown
in Fig. 4. When mixed gas of 79% nitrogen and 21% oxygen supplied, the fraction of
oxyhemoglobin and deoxyhemoglobin was 0.916 and 0.010, respectively. However, when
100% of the nitrogen gas was supplied, the fraction of oxyhemoglobin gradually reduced to
0.001, while the fraction of deoxyhemoglobin increased to 0.919. The fraction of both
changed immediately following the supply of 100% oxygen. These values were recovered to
0.917 and 0.011, which are similar to the initial level. The fraction of total hemoglobin was
approximately 0.92 during the entire experiment

Changes in the oxygenation were observed which corresponded the changes in blood
volume fraction. The oxygenation level gradually reduced from 98% to 0.1%, after 45

minutes of initializing the 100% nitrogen supply. Further, it quickly increased to 98%
following the third phase.
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Fig. 4. The results from blood phantom experiment, (a) blood volume fraction changes of oxy,

deoxy and total hemoglobin and (b) blood oxygenation changes during three phases of
supplied gas. *, ** and *** represent first, second and third phase.

The representative results from the arm occlusion experiments are shown in Fig. 5. During
the occlusion, 1/K/ prominently decreased, which immediately followed by the cuff inflation,
and subsequently remained consistent. During this phase, oxygenation gradually decreased
from 67% to 10%. Following the release of the cuff pressure, a hyperemic peak in 1/K, is
observed that is followed by recovery to baseline. In contrast, oxygenation quickly recovered
to baseline. The changes of tMRO, corresponding to the changes in the tissue oxygenation
and the blood flow during the arm occlusion are shown in Fig. 5(b). When cuff was inflated,
the tMRO, instantaneously dropped to 500 from 1,200 and gradually increased to 700. After
the release of the cuff, tMRO, changes overshoot during initial post-occlusion and gradually
recover to 1,000 which is close to the level of baseline. Table 1 presents the initial one-minute
average of tMRO, during the pre-occlusion, arm-occlusion, and post-occlusion for each of the

four subjects. In general, the tMRO, is reduced during the arm occlusion and showed higher
tMRO, when the cuff was released later.
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Fig. 5. The representative result from arm occlusion test. (a) The oxygenation and I/K/
changes during the experiments, and (b) the calculated tMRO, based on oxygenation and 1/K/

changes.

Table 1. The changes in tMRO, from four subjects during the arm occlusion test. (mean

+ standard deviation)

Subject ID | Pre-occlusion (1~60s) | Arm-occlusion (61~120s) | Post-occlusion (161~220 s)
1 1,140 (£ 185) 592 (£ 146) 1,244 (£353)
2 1,426 (+363) 542 (£ 134) 1,575 (£ 329)
3 641 (+ 125) 301 (+69) 732 (+ 157)
4 559 (£99) 451 (£ 155) 971 (£216)

4. Discussions and conclusion

To be valid, DSCA requires that speckle size must be smaller than pixel size. Even though the
proposed system does not meet the requirement above, in this study, we demonstrated that
measured //K;’ is linearly proportional to the flow rate in the flow phantom experiments. The
results are in accordance with the previous studies reported by Bi et al. [24,25]. To clarify our
system response to flow, we applied ANOVA test to the data from the flow phantom
experiment. The results of ANOVA test showed significant differences of 1/K,” between each
flow rate (p < 0.05), which proved that our system could detect changes in flow in the range
of 0 to 0.9 ml/ml at least with a resolution of 0.1 ml/min.

For the blood phantom experiment, there were several trial and errors to convert
oxyhemoglobin to deoxyhemoglobin. Since hemoglobin has a high affinity to oxygen, to
convert all oxyhemoglobin in the solution to deoxyhemoglobin, we had to evacuate all
oxygen in the container. Therefore, we supplied nitrogen gas with a high flow rate to remove
the previously supplied air in the container. After several trials, we found that it is not feasible
to facilitate the total conversion of oxyhemoglobin to deoxyhemoglobin with a big container
and a large volume of solution. Therefore, 500ml was chosen as a container volume and 300
ml for saline solution mixed with intralipid. In addition, the gas flow rate was maintained as
1,000 scem during the experiments which is high enough to evacuate oxygen in the solution
but not too high to disturb the detected light intensity during experiments. Under the
described experimental conditions, deoxyhemoglobin absorption spectrum feature could be
seen on the recovered absorption spectrum. The absorption spectrum was recovered by re-
calculating Eq. (1) with the reduced scattering coefficients from the fitting results. (Fig. 6)
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Fig. 6. Oxygenation changes during the blood phantom experiments (bottom layer) and
recovered absorption coefficients spectrum at the interval of 5, 26, 73 and 120 minutes later
when oxygenation was 98%, 52%, 0.1%, and 98%, respectively (top layer).

When the cuff was inflated to the 240 mmHg pressure, arterial blood vessels were
completely closed because the cuff pressure was higher than the normal cardiac output
pressure. Therefore, the 1/K;? immediately decreased following cuff inflation and maintained
until the cuff relaxation while oxygenation gradually decreased during the cuff inflation
because the tissue continuously consumed residual oxygen in the blood even though oxygen
supply was suspended. It is then immediately recovered to the baseline when the cuff was
released. Unlike our expectation, the changes of oxygenation and 1/K; show a different
response after cuff release. A clear hyperemic peak can be observed in //K/°, but not in the
oxygenation change. It may be due to a short source-detector distance of our probe as Yu et
al. reported [29]. They showed that the magnitude of reactive hyperemia became less as the
source-detector separation gets shorter, and they also showed reactive hyperemia of blood
flow is much stronger than those in oxygenation. According to their study, source-detector
separation of our probe (3.15mm) can monitor the hyperemia response of blood flow but may
not be enough to observe hyperemia response on oxygenation.

Tissue metabolic rate of oxygen consumption can be estimated by simultaneous
monitoring of blood flow and oxygenation in tissue. Arm cuff experiment showed that tMRO,
quickly decreased after cuff inflation due to the decrease of blood flow, but then it gradually
increased as oxygenation decreases during arm occlusion. These results are similar to the
recent report by Ghijsen et al. [17] except that the indicated value of tMRO, is different. The
difference of tMRO, value between theirs and us may come from the relative blood flow
index calculation, which can be depending on the specification of detectors. However, our
proposed system showed the ability to monitor changes in tMRO, by monitoring blood flow
and oxygenation simultaneously.

During arm cuff experiment, the tungsten halogen lamp and 852 nm laser were both kept
on. Even though both light sources were turned on, the measurement of blood volume and
oxygenation is not affected by the laser since 530-700nm wavelength spectrum were used for
fitting into Eq. (1). For the blood flow calculation, a CCD pixel corresponding to 852 nm in
spectrometer simultaneously collects the light from both laser and tungsten halogen lamp.
However, with a 5 msec of an integration time, the intensity of 852nm from the laser
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(~35,000) is approximately 70 times stronger than broadband light from a tungsten halogen
lamp (~500). Therefore, the influence of broadband light on flow measurement can be
ignored.

Our system has a limitation that the tissue volumes of light propagation in DOS and
DSCA are not the same due to the difference of light wavelengths used. DOS system used the
spectral range from 530nm to 700nm to achieve accurate fitting results since oxy- and
deoxyhemoglobin have distinct absorption spectrum (Fig. 7). However, blood flow
information from DSCA utilized the light intensity fluctuation at 852nm which has a deeper
tissue penetration depth than the visible wavelengths. Therefore, it can cause a potential error
in estimating the tMRO, by using this combined system.
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Fig. 7. (a) The fitting results and residual on the first spectrum of subject 1, (b)
Oxyhemoglobin and deoxyhemoglobin extinction coefficients spectrum by Scott Prahl [30],
the black line represents an isosbestic point.

Another limitation comes from the short source-detector separation (3.15 mm) because the
probe will collect information about blood flow and oxygenation only from the superficial
region of tissue, not from the deep tissue. Currently, this limitation is due to the low fitting
accuracy in the near-infrared wavelength range. Even though oxy- and deoxyhemoglobin
have a different shape of the absorption spectrum in the near-infrared range, the fitting of the
diffuse reflectance in the near-infrared wavelength does not produce accurate values of blood
volume and oxygenation compared to those by using the absorption spectra of the
hemoglobin in the 530-700nm range. A further study is required to overcome this limitation
either by developing the calibration method based on the result of the blood phantom
experiment or by the employment of a better fitting algorithm.

A high order P approximation of radiative transport equation or Monte Carlo simulation
could offer better solutions to obtain the optical properties of tissue compared to the diffusion
approximation, especially when the source-detector separation is short [31]. However, our
measurements on the blood phantom and adductor pollicis muscle fulfill two assumptions of
photon diffusion model as Nachabé et al. described [32], which are 1) the reduced scattering
is much greater than the absorption, and 2) the source-detector separation is greater than the
scattering length. The source-detector separation of our probe (3.15mm) is longer than
Nachabé et al.’s study (2.48mm) [32]. Therefore, the results from our system are still valid
with the photon diffusion model.

Regardless of a few limitations of our system, it has significant advantages compared to
the other previously reported systems. This system is so simple that it can be constructed by
the purchase of commercial light sources and a spectrometer, and thus can be a low-cost
system. It also occupies little space which increases its portability. Especially, the probe
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which consists of three optical fibers provides easy access to measurement sites without
complicated light alignments. It is believed that this convenience will play an important role
in clinical applications.

In conclusion, we developed a simple diffuse optical metabolic spectroscopy system by
combining the DOS and DSCA system to monitor tMRO, changes. Flow phantom
experiment showed that the system could measure the flow in the range of 0~0.9 ml/min with
a resolution better than 0.1 ml/min. Blood phantom test proved that blood volume fraction
increases linearly with an accumulation of bovine blood volume in the solution, and
oxygenation value changes accordingly with modulation of supplied oxygen gas. Finally,
tMRO, changes were monitored during in vivo arm occlusion test and showed a decrease in
tMRO, during the occlusion and recovery with a release of cuff pressure. All of these results
verified that this simple system could monitor the metabolic rate of oxygen consumption by
having a simultaneous measurement of blood flow and tissue oxygenation. It is expected that
this simple optical metabolic spectroscopy system can be effortlessly applied in the medical
domain with advantages of its simplicity, low cost, and convenience.
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